The triple negative breast cancer (TNBCs) and non-small cell lung cancers (NSCLCs) often acquire mutations that contribute to failure of drugs in clinic and poor prognosis, thus presenting an urgent need to develop new and improved therapeutic modalities. Here we report that CARP-1 functional mimetic (CFMs) compounds 4 and 5, and 4.6, a structurally related analog of CFM-4, are potent inhibitors of TNBC and NSCLC cells in vitro. Cell growth suppression by CFM-4 and -4.6 involved interaction and elevated expression of CARP-1/CCAR1 and Death Effector Domain (DED) containing DNA binding (DEDD)2 proteins. Apoptosis by these compounds also involved activation of pro-apoptotic stress-activated kinases p38 and JNK1/2, cleavage of PARP and loss of mitotic cyclin B1. Both the CFMs inhibited abilities of NSCLC and TNBC cells to migrate, invade, and form colonies in suspension, while disrupting tubule formation by the human umbilical vein endothelial cells (HUVECs). Nano-lipid formulation of CFM-4 (CFM-4 NLF) enhanced its serum bioavailability when compared with the free CFM-4. Oral administration of CFM-4 NLF reduced weights and volume of the xenografted tumors derived from A549 NSCLC and MDA-MB-231 TNBC cells. Although no gross tissue or histological toxicities were noticed, the immuno-histochemical analysis revealed increased CARP-1 and DNA fragmentation in tumors of the CFM-4 NLF-treated animals. In conclusion, while stimulation of pro-apoptotic CARP-1 and DEDD2 expression and their binding underscore a novel mechanism of apoptosis transduction by CFM compounds, our proof-of-concept xenograft studies demonstrate therapeutic potential of CFM-4 for TNBC and NSCLC.
INTRODUCTION
Cancers cause one in four deaths in the US, and remain a major public health problem in the US and world over. The American Cancer Society estimates highest percent of new cases and mortality resulting from lung and breast cancers in females, while prostate and lung cancers account for highest percentage of new cases and associated mortality among men. 1 Throughout the last decade, the overall incidence rates and consequent mortality associated with the lung, breast, and colorectal cancers decreased among women, and a similar trend also occurred for lung, prostate and colorectal cancers in men. 1 The encouraging downward trends in cancer associated mortality could partly be attributed to recent advances in diagnosis and therapeutic modalities, particularly targeted therapeutics for a number of cancers. In this context, development of therapeutics that target estrogen receptor (ER) function and biosynthesis, and the human epidermal growth factor receptor (EGFR) 2 (aka Her2) have benefited a vast majority of the breast cancer patients, while EGFR targeting agents have also been utilized in treatments of non-small cell lung (NSCLC) and other cancers. However, for a significant percent of breast cancers that that lack ER, progesterone receptor (PR), and Her2, often grouped as triple-negative breast cancers (TNBC), chemotherapy including an anthracycline and taxane-based regimen remain the current best standard of care. A recent study has revealed further stratification and existence of molecular subtypes among TNBCs and stresses the need for identification of better molecular-based therapies. 2 Coupled with occurrence of gain-of-function mutations in many cancers, including the NSCLCs, frequent relapses in clinic occur that often result in emergence of resistant, hard to treat disease. Although a number of cell growth and survival pathways are being actively pursued for targeting TNBCs, 3 and many other difficult to treat cancers including NSCLCs, new therapeutic strategies are urgently needed to overcome drug resistance and improve therapeutic outcomes.
CARP-1 (Cell cycle and apoptosis regulator 1, aka CCAR1) is a peri-nuclear phosphoprotein and a regulator of cell growth and apoptosis signaling. [4] [5] [6] [7] CARP-1 not only functions as a transcriptional co-activator of steroid family of nuclear receptors and a regulator of adipogenesis through the glucocorticoid receptor (GR), it also regulates Adriamycin (ADR)-dependent apoptosis in part through co-activation of p53. 4, 6 CARP-1 expression is often elevated in cells experiencing stress due to growth factor withdrawal or chemotherapy-induced cell cycle arrest and apoptosis. 6, 7 Our recent studies revealed that apoptosis stimulation following blockage of EGFRs involved CARP-1 phosphorylation at tyrosine 192 , increased CARP-1 levels, activation of p38 MAPK and caspase-9. 5 In addition, pharmacologic blockage of protein kinase A (PKA) also resulted in CARP-1 threonine 667 phosphorylation, suppression of c-Myc transcription and inhibition of human breast cancer (HBC) cell growth. 7, 8 Knockdown of CARP-1 resulted in resistance to apoptosis by ADR or EGFR tyrosine kinase inhibitors demonstrating requirement of CARP-1 in cell growth inhibitory and apoptosis signaling by these agents. 4, 5 To better define molecular mechanisms of signal transduction involving CARP-1, we conducted yeast-two-hybrid analyses and found that CARP-1 interacted with cell cycle regulatory anaphase promoting complex/cyclosome (APC/C) E3 ligase subunit APC2. 9 Our investigation revealed that CARP-1 functions as a coactivator of the APC/C E3 ligase. 9 APC/C is a multisubunit ubiquitin E3 ligase protein that plays a distinct role in cell cycle transitions, and misregulation of APC/C substrates such as securin, polo-like kinase (Plk) has been demonstrated to correlate with tumor progression. [10] [11] [12] We then tested whether and to the extent abrogation of CARP-1-APC/C interaction and consequent interference with APC/C functions could be detrimental to progression of cancer cell cycle and growth. A chemical biology-based high-throughput screening of a chemical library resulted in identification of a number of novel, small molecule inhibitors (SMIs) of CARP-1 binding with APC/C subunit APC2. These compounds, termed CARP-1 functional mimetics (CFMs), inhibit cell growth by inducing apoptosis in various cancer types. 9, 13, 14 Here we provide evidence that CFMs and their analogs are potent inhibitors of TNBC and NSCLC cell growth in vitro, and the nano-lipid formulation of CFM-4 (CFM-4 NLF) inhibited growth of TNBC and NSCLC xenografted tumors in nude mice. phenylspiro[indoline-3,2′-thiazolidine]-2,4′-dione), and CFM-4.6 (1-(naphthalen-1ylmethyl)-5′-phenyl-3′H-spiro[indoline-3,2′- [1, 3, 4 ] thiadiazol]-2-one) were obtained from ChemDiv, San Diego, and Ryan Scientific, Inc., Mt. Pleasant, SC, and are shown in Figure 1 below. All the CFM compounds were dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 10-50 mM, and stored at −20 °C. Cisplatin, anti-β-actin mouse monoclonal antibody, and chemicals including 3-4,5-dimethyltiazol-2-yl-2.5-diphenyl-tetrazolium bromide (MTT) and DMSO were purchased from Sigma-Aldrich (St. Louis, MO). The cell culture grade non-essential amino acids (100× stock) was purchased from Gibco Life Technologies, Grand Island, NY. The mouse monoclonal antibody for α-tubulin was obtained from Calbiochem (Billerica, MA). Anti-cyclin B1 and caspase-8 (1C12) mouse monoclonal antibodies, anti-RIPK1 (D94C12) rabbit monoclonal antibody, and rabbit polyclonal antibodies for PARP, phospho and total p38 α/β, phospho and total JNK1/2
MATERIALS AND METHODS

Materials
SAPKs were obtained from Cell Signaling Technology (Beverly, MA). Anti-DEDD2 goat polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-FADD mouse monoclonal antibody was obtained from BD Pharmingen (San Jose, CA). Generation and characterization of the anti-CARP-1/CCAR1 rabbit polyclonal antibodies have been described elsewhere. 7 Enhanced Chemiluminescence Reagent was purchased from Amersham Biosciences (Piscataway, NJ) and the Protein Assay Kit was purchased from Bio-Rad Laboratories (Hercules, CA).
Cells and Cell Culture
Human NSCLC cell lines A549, CALU-C3, H1299, and H460, human TNBC cell lines MDA-MB-468, MDA-MB-231, HCC1937, and Hs578T, as well as human neuroblastoma (NB) cell lines SK-N-BE(2) and SK-N-SH were purchased from ATCC, and were kindly provided by Drs. Sandro daRocha, Julie Boerner, Jing Li, and Yubin Ge, Departments of Chemical Engineering and Materials Science, Oncology and Pharmacology, Wayne State University, Detroit, MI. The NSCLC and NB cells were routinely cultured in RPMI 1640 medium while the human malignant pleural mesothelioma (MPM) cells H2373, H2461, H2714, and mouse mesothelioma AB12 cells were cultured either in RPMI 1640 or DMEM media essentially as described. 13, [15] [16] [17] Routine culture of TNBC MDA-MB-231, MDA-MB-468, and Hs578T cells were carried out essentially as described before. 9, 18 The HCC1937 TNBC cells were maintained in RPMI 1640 containing glucose (4.5 g/l), sodium bicarbonate (1.5 g/l), 10 mM HEPES, 1 mM sodium pyruvate and 1× non-essential amino acids. SKBR-3 and MDA-MB-453 (human breast cancer cells that lack estrogen receptor, have mutant p53, and overexpress Her-2), human prostate cancer PC-3, human pancreatic cancer PANC-1, human follicular lymphoma WSU-FSCCL, human medulloblastoma (MB) Daoy, and HL-60 cells were routinely cultured as described by us before. 9, 14, 19, 20 
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Cell Viability, Apoptosis and Immuno-Precipitation (IP)-Western Blot (WB) Assays
The alterations in cell viabilities in the presence of CFMs were assessed by MTT reagent. Cells (5 × 10 3 ) were seeded in a 96-well culture plate and subsequently treated with respective CFMs or Cisplatin (Cis) at different concentrations and periods as mentioned. Control cells were treated with 0.1% DMSO in culture medium. After treatment, the cells were incubated with 1 mg/ml of MTT reagent at 37 °C for 2-4 hours and then MTT was removed and 50 μL of DMSO was added, followed by colorimetric analysis using a multilabel plate reader at 560 nm (Victor3; PerkinElmer, Wellesley, MA, USA).
Apoptosis in tumor tissues was determined by staining for fragmented DNA utilizing terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay. TUNEL kits were purchased from Roche Diagnostics (Indianapolis, IN). The formalin-fixed tumor xenograft biopsies (see below) from the animals that were untreated or treated with CFM-4 NLF were paraffin-embedded and processed essentially following our previously described procedures. 19 The tumor tissue slides were also stained for presence of CARP-1 using a 1:250 dilution of anti-CARP-1 (α2) antibody. The fixed and labeled tumor tissues were photographed essentially as detailed in our previously described methods. 19 For protein interaction (binding) and expression analysis, IP-WB experiments were carried out following our previously published methods. Briefly, the cells were either untreated or treated with different compounds for various times. Cells were lysed in cell lysis (10×) buffer (#9803; cell signaling) containing 0.1% of protease and phosphatase inhibitor cocktail (Sigma) for 20 min at 4 °C. The cell lysates were centrifuged at 14,000 rpm at 4 °C for 15-20 min to remove debris. Protein concentrations of the clarified cell lysates were determined using the Protein Assay Kit. IP was carried out by incubating ~1 mg of the protein lysate with appropriate antibodies, and the innunocomplexes were washed (3×) with cell lysis buffer. The immunoprecipitates or the cell lysates (50-100 μg from each sample) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane (Bio-rad, Hercules, CA) by standard procedures. The membranes were then hybridized with primary antibodies followed by incubation with appropriate secondary antibodies. The antibody-bound proteins were visualized by treatment with the chemiluminescence detection reagent according to manufacturer's instructions, followed by exposure to X-ray film (Denville Scientific Inc.). The membranes having protein lysates were re-probed with the anti-β-actin or anti-α-tubulin antibody, which was used as an internal control for protein loading.
Isolation of RNA and Microarray Analysis
The MDA-MB-468 TNBC cells were treated with 2 μM, 5 μM and 10 μM dose of CFM-4 with BeadChips. The signal was detected with streptovadin-Cy3 according to manufacturer's instruction (Illumina). The imaging of the BeadChips was conducted using a Bead Array Reader in conjunction with Bead Studio software (Illumina). Data normalization was carried out using a quantile based approach which transforms the raw data so that the resulting normalized expression values of each sample have the same distribution. 21 Differential gene expression between the untreated and treated groups was tested using a moderated t-test. Genes were selected as significant using a cutoff of 0.1 on the nominal p-values and a cutoff of 1.5-fold change in expression between groups.
Cell Migration, Invasion, Clonogenic, and Angiogenesis Assays
Migration Assay-The effects of CFMs on migration of TNBC and NSCLC cells were measured by the "scratch" assay. Cells were grown in a 6-well plate (~10 5 cells/well), and a scratch was created in the cell monolayer using sterile pipette tip. The cells were then allowed to grow in the absence (Control) or presence of the CFMs for a period of 72-96 h. The cells were photographed under different magnifications utilizing Zeiss microscope with attached 35 mm camera for recording the photomicrographs, and images were captured at regular intervals during and at the end of the treatment periods.
Clonogenic Assay-Cells were sandwiched between 0.6% and 0.3% agarose in DMEM medium containing 5% FBS in a six-well chamber (500 cells/chamber), and treated with buffer (Control), or respective CFM for 9 days at 37 °C humidified CO 2 incubator. The colonies from multiple random fields were counted, compared to control and photographed as above.
Invasion Assay-Basement membrane is a thin extracellular matrix (ECM) that underlies epithelia and endothelia and separates epithelial cancer cells from the stroma. Tumor cells produce proteases that degrade ECM to cross the basement membrane to invade stroma and establish distant metastases. The in vitro Boyden Chamber assay (Chemicon International, CA) using Matrigel is the most reliable, reproducible, and representative of in vivo invasion. Briefly, pre-warmed serum free medium (300 μl) was used to hydrate the ECM layer of each chamber for 15-30 minutes at room temperature. Approximately 2-2×5×10 5 HBC cells were seeded in the upper chamber in a serum-free medium without or with 10 μM dose of the respective CFM. The lower chamber was supplied with medium containing 10% FBS that served as chemo-attractant to stimulate migration. After an interval, tumor cells present on the lower side of the membrane in the lower chamber were stained, and photographed as above. In addition, the stained cells from the lower side of membrane of some wells were dissociated, lysed in a buffer, followed by quantitation using a fluorescence plate reader with 480/520 nm filter set. The measurements were then plotted as bars in histogram as previously described. 13, 14 network structures were allowed to develop in EGM medium (Control) for 12 hours, and subsequently either untreated or treated with 10 μM of respective CFM in serum-free EGM medium for 6 hours. Representative photomicrographs of control and treated cells were obtained as above.
Formulation of CFM-4 Nano Lipid Carriers (CFM-4-NLF)
The CFM-4-NLF was prepared by combining melt-emulsification and ultrasonication technique (Nanoease Technology, Filed Non provisional US patent # 61440977). Briefly, appropriate amounts of CFM-4, Compritol 888 ATO, Miglyol 812N and Geleol were blended and melted at 70 °C to form a uniform and clear oil phase. Meanwhile, the aqueous phase consisting of dispersing surfactant Tween 80 and Vitamin E TPGS in double distilled water was added drop wise to the oil phase at the same temperature by the aid of agitation at 5000 rpm for 5 min using tissuemiser. The coarse emulsion was then subjected to high pressure homogenization for 15 min. The resultant NLF was further processed with NanoDebee for about 5 cycles followed by probe sonication for 5 minutes to further decrease its size. 22
Surface Modification of CFM-4 NLF-For surface modification of NLF, appropriate amounts of the chitosan polymer (CP) was dissolved in water in order to form a series of concentrations (0.25%, 0.5%, 1%, 2%, w/v), and then mixed with CFM-4 loaded NLF dispersions. 23 In each case, an aliquot of NLF was mingled with an equal volume of CP by adding it drop wise under continuous agitation at room temperature (20 °C) for a 30-min incubation.
Drug Encapsulation Efficiency (EE)-Free drug (non-incorporated in the SM-NLF) was separated by ultrafiltration centrifugation technique. 24 Briefly, 1 mL of CFM-4 NLF colloidal solution was placed in the upper chamber of a centrifuge tube matched with an ultrafilter and centrifuged for 15 min at 4000 rpm. The total drug content in CFM-4 NLF was determined as follows: aliquots of 1mL SM-NLF dispersion were diluted appropriately by ethanol to dissolve the lipid ingredient and the resulting suspension was then filtrated through 0.45 μM membrane filters. The filtered solution was analyzed by Waters ® Alliance e2695 HPLC using Symmetry ® C18 column (250 mm×4.6 mm, 5 μM). The mobile phase was a mixture of Acetonitrile, Methanol, 10 mM KH 2 PO 4 buffer (65:20:15 v/v) with pH adjusted to 2 and the flow rate was maintained at 1.0 mL/min. All the samples were analyzed at 248 nm using empower PDA software. The composition of CFM-4 NLF is summarized in Table I .
The encapsulation efficiency (EE) and drug loading was calculated by the following equations: 
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where W Total , W Free , W Lipid were the weight of total drug in NLF, the weight of unentrapped drug in ultra-filtrate, and the weight of lipid added in system, respectively.
Particle Size and Zeta Potential Measurement-The average particle size, zeta potential and polydispersity index (PI) of SM-NLF was determined using zeta sizer at 25 °C after appropriate dilution with ultra-purified water.
In Vitro Drug Release Studies-In vitro drug release study was conducted in pH 7.4
PBS containing 1% volpo. Briefly, 20 mg of free drug or equivalent amount of CFM-4 NLF were placed in dialysis bag and kept in a basket which was immersed in 500 ml of release medium. Release studies were performed according to the USP type I basket method at 37 °C while stirring constantly at 50 rpm. Samples were withdrawn at different time points, centrifuged and drug content in the samples was analyzed by HPLC. The withdrawn samples were replaced by equal volumes of fresh medium maintained at the same temperature.
Pharmacokinetic Studies-The bio-availability kinetics of the CFM-4 NLF formulation, and CFM-4 free drug (FD) were conducted in rodents (Sprague Dawley Rats). Rats were fasted overnight before the start of the experiments and randomly divided into three experimental groups receiving CFM-4 FD and CFM-4 NLF at 40 mg/kg orally and CFM-4 solution (CFM-4 sol) at 5 mg/kg by intravenous route. After the drug administration, blood samples (250 μl) were withdrawn from tail veins at predetermined time points (0, 0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h).
The blood samples were collected directly into heparinized microvet blood collection tubes and plasma was obtained by centrifugation at 10,000 rpm for 10 min and then stored at −80 °C until analysis. CFM-4 was extracted from the plasma by protein precipitation method and extracted samples were dissolved in mobile phase and samples were analyzed by HPLC. Oral bioavailability of CFM-4 FD and CFM-4 NLF along with their pharmacokinetic parameters such as area under curve (AUC), Cmax, t1/2, and t max were estimated. Pharmacokinetic parameters were analyzed using non-compartmental techniques with WinNonlin ® 5.0 software (Pharsight Corporation, Mountain View, CA, USA).
Murine Xenograft Experiments
The experiments involving xenograft studies were performed in accordance with protocols approved by the Institutional Laboratory Animal Care and Use Committees at the Wayne State and Florida A&M Universities, and according to our previously published methods. 22, 25 In the first instance, a maximal tolerated dose (MTD) for CFM-4 was determined in the SCID mice. A 20 mg/ml stock of CFM-4 was prepared in 10% DMSO/ cermophor+dH 2 O, and pH adjusted to 4.5. The SCID mice (n = 4) were administered 24-36 mg/kg dose of CFM-4, via tail vein injection, twice a day over a period of ten days. CFM-4 was generally well tolerated by the mice. Although a small (<5%) weight loss was noticed in some animals, no other adverse symptoms were noted. The mice were observed for subsequent three weeks post last treatment and did not show any latent toxicity including symptoms of diarrhea, dehydration, weight loss, hair loss, or any other discomfort. 
VA Author Manuscript
Histologic as well as microscopic examination of various tissues (liver, kidney, heart, spleen, and lung) did not show any abnormalities (not shown).
Establishment of Sub-Cutaneous Tumors in SCID Mice-Three
week-old, female, ICR SCID mice were obtained from Taconic Laboratories (German Town, NY). After a period of adaptation, 2 to 3 mice were subcutaneously (sc) injected on each flank with approximately 10 6 HBC SKBR-3, MDA-MB-231, MDA-MB-468, MDA-MB-453, prostate cancer PC-3, pancreatic cancer PANC-1, MPM H2461, H2714, AB12, MB Daoy, or follicular lymphoma WSU-FSCCL cells. When tumors developed, mice were sacrificed; tumors were dissected, cut into small fragments, and subsequently transplanted sc into similarly conditioned animals (n= 6 for each group) by using a 12-gauge trocar. Mice were checked 3 times a week for tumor development. Once palpable tumors developed (usually <100 mg in size) by the day seven of xenograft implantation, groups of 6 mice were removed randomly for the efficacy trial using CFM-4. For treatment groups, each animal was injected 0.2 ml of CFM-4 solution via tail vein. The schedule and total dose of CFM-4 for each of the xenograft study are listed in Table II . The tumor measurements were carried out at multiple time points during the course of treatments and observation periods. Mice were observed for changes in weight and side effects followed by measurement of tumors three times per week.
The end points for assessing antitumor activity consisted of tumor weight, tumor growth inhibition ( Development of Orthotopic A549 Lung Tumors in Nude Mice-The animals were anesthetized with Isoflurane and a 5 mm skin incision was made to the left chest, ~5 mm from scapula. A 100 μl of cell suspension (1 × 10 6 A549 NSCLC cells) in a Hamilton syringe was directly inserted through the 6th intercostal space into the lung to a depth of 3 mm. 26 Wounds were closed using surgical skin clip. Tumors were allowed to grow for two weeks and then the mice were randomly assigned to treatment or control groups (six animals per group). The three groups consisted of placebo (Control), CFM-4 FD (40 mg/kg), and CFM-4 NLF (40 mg/kg). The formulations were administered by oral gavage every second day for four weeks.
Development of Orthotopic Breast Cancer Model in BALB/c Nude Mice-About
The tumor volume, tumor weight and body weight were measured regularly during the study. At the end of study, the tumors were harvested from the euthanized mice, and a part of each tumor tissue was fixed in formalin for IHC & HE studies while the remaining tissue was utilized to assess the drug distribution in the tumor.
The tissue/tumor samples were extracted by following a modification of a previously described procedure. 27 In brief, accurately weighed 0.5 g of tissue was minced and homogenized with 500 μL of acetonitrile and methanol (1:1) for 10 min using tissue homogenizer to completely solubilize the drug in organic phase. All the samples were then centrifuged at 15000 rpm for 15 min. The supernatant was collected and evaporated at 40 °C under a stream of nitrogen followed by reconstitution with 250 μL of mobile phase, mixed by vortexing for 30 sec and passed through a filter with 0.45 μM pore size (Millipore). All the samples were then analyzed by HPLC to determine the drug content.
Statistical Analysis
In some instances, statistical analysis was performed using unpaired Student's t-test. A pvalue less than 0.05 between treatment groups was considered significantly different.
RESULTS
Novel Analogs of CFM-4 Suppress Growth of Human NSCLC and TNBC Cells
In an attempt to develop CFM-4 as a potential anti-cancer agent, we performed preliminary structure activity relationship (SAR) studies. In the first instance, we identified six additional compounds, named as CFM-4.1 to 4.6, that were structurally similar to our lead compound CFM-4 ( Fig. 1 ). Each compound was utilized in an in vitro florescence polarization assay (FPA) and respective IC50 values were determined essentially as described by us before. 9 The FPA revealed IC50 of 0.31 μM, 0. Treatments with various doses of Cispaltin or CFM-1 generally elicited a 20-50% loss of viabilities of all the NSCLC cells ( Fig. 2(A) ). CFM-5 exposure resulted in a somewhat higher loss of cell viability in the case of H1299, H460, and A549 cells when compared with their loss of viabilities noted following treatments with CFM-1 or Cisplatin. Calu-C3 cells however were highly sensitive to 10 and 20 μM doses of CFM-5 when compared with their CFM-1 or Cisplatin-treated counterparts (Fig. 2(A) ). All the doses of CFM-4 however were able to elicit ~80-90% loss of viability of all the NSCLC cells ( Fig. 2(A) ). A time course analysis further revealed that a 10 μM dose of CFM-4 for 12 h or 24 h periods caused ~50-60% reduction in the viabilities of A549, H1299, and H460 NSCLC cells, while this CFM-4 dose and treatment periods failed to significantly impact the viabilities of CALU-C3 cells (Fig. 2(B) ). Since A549 and H1299 cells were affected to similar extent by various treatment periods or doses of CFM-4, we next investigated the extent CFM-4 analogs would also affect the viabilities of these two NSCLC cells. In light of the data in Figure 2 that indicated CFM-4.6 was potent in inhibiting growth of NSCLC cells, we further determined whether this analog was also an effective growth inhibitor of other cancer cell types. For this purpose, we utilized MPM (H2373 and H2461) and NB (SK-N-BE(2) and SK-N-SH) cell lines as well as TNBC MDA-MB-468, MDA-MB-231, HCC1937, and Hs-578T cells. Each of the cell line was separately treated with 10 μM dose of each compound for 24 h, and cell viabilities were determined as above.
Although CFM-4.4 and -4.5 did not affect MPM and NB cells, and were moderately active in TNBC cells, both the CFM-4 and CFM-4.6 treatments provoked a robust ~80-90%, ~70-90%, or ~50-60% loss in viabilities of MPM, TNBC, or NB cells, respectively ( Fig. 3 ). CFM-4.1 and CFM-4.3 also induced ~60-80% reduction in MPM cell viabilities ( Fig. 3(B) ) while CFM-4.1 caused ~50-60% reduction in viability of all the TNBC cells ( Fig. 3(A) ). Interestingly, although CFM-4.1, -4.2, and -4.3 compounds caused an absent to moderate loss of NB cell viabilities ( Fig. 3(C) ), NB cells were generally less sensitive to treatments with 10 μM dose of each CFM-4, -4.1, -4.2, -4.3, and -4.6 over a 24 h period when compared with TNBC and MPM cells (Fig. 3) . The data in Figures 2 and 3 In an attempt to further elucidate molecular mechanisms of cell growth inhibition by CFMs, we first conducted a gene-array-based analysis. MDA-MB-468 TNBC cells were either untreated or separately treated with CFM-4 as described in Methods. The RNAs from each group were hybridized with gene-array chips, and the data were analyzed to identify genes that had a significant 1.5-fold or higher altered expression following CFM-4 treatments. A select subset of these genes is indicated in Table III . The array data revealed down-regulation of a majority of genes while a small number of gene were up-regulated. Among the genes that were down-regulated included those involved in DNA damage repair, ubiquitination and transcriptional regulation to maintain genomic stability, and cell cycle control. In particular, CFM-4 treatments caused reduced expression of DNA repair regulating BRCA1 associated RING domain 1 (BARD1) and DEAD (Asp-Glu-Ala-Asp) box helicase (DDX)1 that is involved in repair of double strand breaks (DSBs), co-activation of p65/RelA subunit of NF-κB, and RNA processing. In addition, cell cycle regulatory Cyclin A2 as well as eukaryotic translation initiation factor (EIF) 4A2 expression was also down-regulated in CFM-4-treated TNBC cells (Table III) . Among the genes that were up-regulated included the tumor necrosis factor alpha inhibitory protein (TNFAIP)3-interacting proteins (TNIP) 1 [also known as A20-binding inhibitor of NF-κB activation (ABIN) 1], as well as the death effector domain containing (DEDD) 2 proteins. CFM-4-dependent increased expression of ABIN1/TNIP1 in TNBC cells is consistent with our earlier studies showing increased expression of ABIN1 in MB cells following treatments with CFM-4. 14 Interestingly, CFM-4 exposure resulted in down-regulation of ABIN1 in MPM cells while in NB cells the ABIN1 expression was regulated by CFM-4 in a cell-type manner. 13, 28 Moreover, although CFM-4 treatments also caused reduced expression of RelA-regulator DDX1 (Table II) , our recent studies revealed that transcriptional activities of NF-κB were nonetheless enhanced in TNBC cells following their exposure to CFM-4, ADR, or TNFα. 28 We further investigated the molecular mechanisms of TNBC and NSCLC growth inhibition by CFM-4 and its analog CFM-4.6. The cells were separately treated with 10 μM or 20 μM dose of each of the compound for 12 h. In addition, the cells were treated with 16. . Interestingly, as also demonstrated in Figure 5 , activation of p38 precedes that of JNK1/2 and PARP cleavage in the CFM-4.6-treated TNBC cells. Since SAPKs are not known to cross-activate each other during apoptosis signaling, activation of p38 before JNK1/2 indicate a pleiotropic signaling by CFM-4.6. In light of our gene-array data in Table III showing elevated expression of DEDD2, and the facts that DEDs are protein-protein interaction modules that occur in a family of proteins that are primarily involved in control of apoptosis and proliferation 5(B) ). In addition, levels of mitotic cyclin B1 were diminished in NSCLC and TNBC cells that were treated with CFM-4 or CFM-4.6 (Fig. 4) , and were corroborative of our previous studies that indicated CFM-4-dependent loss of cyclin B1 in MB, MPM, and NB cells. 9, 13, 14, 28
CARP-1 is Part of an Intracellular, Pro-Apoptotic Sub-Complex
We previously noted that activation of caspase-8 that is often regulated by TNFα receptor/DR family was required for apoptosis signaling by CFM-4, 9 and since both the caspases-8 and -10 contain two DED each, DEDD2 has been thought to play a critical role in transducing death receptor-induced apoptosis by targeting caspases-8 and -10 to the nucleus. 29 Since CARP-1 is a perinuclear protein 7 and although the precise mechanisms of CARP-1 shuttling between the nuclear and cytoplasmic compartments are yet to be elucidated, we next investigated whether, in addition to elevated expression of DEDD2 and CARP-1 proteins during apoptosis, CARP-1 also interacts with DEDD2. This interaction would facilitate a pro-apoptotic complex of CARP-1-DEDD2-caspases-8 and -10 to regulate activation of these caspases in cytosol. Although both the DEDD2 and CARP-1 have nuclear localization signals for nuclear import, their interaction and formation of pro-apoptotic complex with caspases could also facilitate efficient transport of activated caspases to the nucleus. To test this hypothesis, we conducted an IP-WB experiment, and found that CARP-1 binds with DEDD2, Receptor-Interacting Protein Kinase (RIPK)1, Fas-Associated via Death Domain (FADD), and cleaved caspase-8 proteins (Fig. 6 ). Given that caspase-8 is often activated at the intra-cellular, death-inducing signaling complex (DISC) following activation/ligation of TNFR/DR family members, 30 and FADD, RIPK1, and caspase-8 have previously been proposed to be parts of a pro-apoptotic subcomplex that transduces DR signaling and caspase-8 activation, 31 the interaction of CARP-1 with DEDD2, cleaved (p43/41) caspase-8, FADD and RIPK1 proteins strongly suggests that CARP-1 is a novel component of the intracellular complexes that regulate caspase-8 activation. Further studies would be necessary to determine whether and to the extent CARP-1 binding with DEDD2, FADD, and/or RIPK1 is required for apoptosis transduction by CFM compounds.
Oral Administration of the CFM-4 NLF Formulation Suppresses Growth of Xenografted Human NSCLC and TNBC Cells
To further explore the potential of CFMs as anti-cancer molecules, we investigated whether CFMs altered biological properties of the cancer cells and to the extent CFM-4 was effective in suppressing growth of xenografted tumors in mice. In the first instance, in vitro studies were carried out utilizing HBC and NSCLC cells to determine inhibition of cell migration, colony formation and invasion by CFMs. Treatments with CFM-1, -4, -5, or -4.6 prevented MDA-MB-468 and H1299 cells from robustly growing in the areas of wound created by a scratch when compared with their untreated counterparts as well as caused significant reduction in size and number of colonies formed by these cells in soft agar (Figs. 7(A)-(D)). We next examined whether CFMs blocked the ability of HBC cells to invade through matrigel-coated membranes as detailed in methods. As expected, treatments of HBC cells with CFM-1, CFM-4 or CFM-5 caused reduced number of cells that were able to invade through the matigel-coated membranes ( Fig. 7(E) ). Additionally, an in vitro tubule formation assay was utilized to determine the extent CFMs possessed anti-angiogenic properties. As shown in Figure 8 , presence of each compound disrupted formation of tubules by HUVECs when compared with the untreated controls.
Next, subcutaneous tumor xenografts derived from different cancer cells were generated in SCID mice and efficacy and potency of CFM-4 was first tested by intravenous (Tail vein injection) administration as detailed in methods. Although growth of the SKBR-3 HBC cellderived xenografts was affected by the CFM-4 treatments in an initial experiment (not shown), subsequent experiments failed to yield a therapeutic T/C values for this agent when used in animals bearing xenografts derived from a variety of cancer cells including the SKBR-3 HBC cells. The data from these set of xenograft studies are summarized in Table II .
Since all the xenograft studies involved intravenous administration of CFM-4 that was dissolved in DMSO plus cremophor, we suspected that its systemic metabolism likely contributed to its lower levels in serum that could have resulted in its lack of xenograft inhibitory effects. We clarified this possibility as detailed below.
The nanostructure lipid carriers (NLF) have been developed to increase the physicochemical stability of both incorporated drug molecules and particulate system, and have a higher loading capacity and lower drug leaching upon storage. NLF-based delivery formulations widely utilize Chitosan, a natural biocompatible cationic polysaccharide extracted from crustacean shells and capable of efficient drug and gene delivery. Chitosan has been found to have many beneficial effects like anticoagulant activity, wound-healing and antimicrobial properties. [32] [33] [34] To test the extent serum bioavailability of CFM-4 contributed to its lack of efficacy in the above xenograft studies, we first generated and characterized surface modified NLF and CFM-4 NLF as detailed in methods. Optimized, unmodified CFM-4 NLF carries −2.58 ± 0.24 mV surface charge with 183.67 ± 7.40 nm size, and PI of 0.23 ± 0.03 and EE = 91.01% ± 7.17. The surface of these NLF with negative charge was modified using chitosan polymer. The particle size and positive charge on the surface of NLF were found to increase gradually from 183.67±7.40 to 224.72 ± 19.46 and −2.58 ± 0.24 mV to +18.05 ± 0.22 mV respectively, when the polymer concentration was increased from 0% to 2% (w/v) due to the molecular layers of chitosan coating on the surface of NLF. Chitosan at 1% concentration was found to be optimal as there was no significant increase in the charge beyond this concentration. There might be a saturation of NLF surface with chitosan at 1% concentration as a result since beyond this concentration an increase in NLF particle size was found rather than the charge ( Fig. 9(A) ). In vitro drug release studies further demonstrated a superior dissolution of CFM-4 in CFM-4 NLF formulation when compared with CFM-4 FD. The drug release was sustained up to 72 h in the case of CFM-4 NLF ( Fig.  9(B) ). The total cumulative amount of drug released after 24 h from CFM-4 FD was 13.03% whereas from CFM-4 NLF it was 61.78%, which was a 4.75-fold more than the free drug.
We next tested bio-availability of the surface modified CFM-4 NLF formulation and CFM-4 FD following their administration in Sprague Dawley rats as detailed in methods. Oral administration of CFM-4 NLF resulted in a significant increase in the bioavailability when compared to CFM-4 FD (Fig. 9C) ). The plasma Cmax concentration of CFM-4 FD was found to be 1.19 ± 0.03 μg/ml, while in the case of CFM-4 NLF it was 4.37 ± 0.14 μg/ml, which was a 3.67 fold increase when compared with CFM-4 FD. The AUC was also found to be significantly higher in the case of CFM-4 NLF when compared to CFM-4 FD ( Fig.  9(D) ). The AUC for CFM-4 FD was 2.82±0.04 μg · h/ml, whereas for CFM-4 NLF it was 16.84 ± 1.17 μg · h/ml. The AUC for CFM-4 NLF was 5.97-fold more compared to CFM-4 In an analogous experiment, MDA-MB-231 TNBC cells were xenografted in the mammary fat pads of the female BALB/c nude mice and when tumors developed, the mice were treated with placebo (Control) or CFM-4 NLF formulation as in methods. Oral administration of CFM-4 NLF resulted in reduced breast tumor volume and overall tumor weights (Figs. 10(H), (I)). Immunohistological analysis of a representative NSCLC and TNBC tumors from the animals that were treated with placebo (control) or CFM-4 NLF revealed increased staining for TUNEL and CARP-1 protein (Fig. 11) . Altogether, the data in Figures 9-11 demonstrate that NLF formulation of CFM-4 enhance its bioavailability, serum levels, and anti-tumor efficacy. In addition, CFM-4 inhibited xenograted NSCLC and TNBC tumors in part by inducing apoptosis, and this finding would be consistent with our in vitro observations from the current and previous studies where CFM-4 treatments stimulated apoptosis in a variety of cancer cell types including NSCLC and TNBC origins. 9, 13, 14, 28 
DISCUSSION
In an attempt to discover novel transducers of apoptosis-inducing effects of chemotherapy, CARP-1 was identified as a perinuclear protein that was required for apoptosis by DNA damaging agents adriamycin (ADR) and etoposide, as well as EGFR targeting therapeutic such as Iressa. 4, 5, 7 Although CARP-1 was also found to function as a co-activator of the steroid-thyroid receptor superfamily of proteins, 4 we have focused our efforts to exploit apoptosis signaling by CARP-1 for discovery and development of novel agents for use as inhibitors of cancer cell growth. In this regard, our recent chemical biological studies yielded a number of novel, small molecule compounds, termed CFMs that function in part by binding with CARP-1 and stimulating apoptosis in a number of cancer cell types. 9 The lead compound CFM-4 binds with CARP-1, causes increase in CARP-1 levels, induces apoptosis and inhibits growth of breast and other cancer cells. CFM-4 however did not increase CARP-1 levels or apoptosis in immortalized breast epithelial MCF-10A cells. 9 Here we tested our working hypothesis that CFM-4 and its analogs are suitable inhibitors of TNBC and NSCLCs in vitro and pre-clinical animal studies.
Our current SAR studies involving CFM-4 analogs revealed that although a somewhat limited number of analogs were identified and tested, and CFM-4.6 elicited levels of cell growth suppression and activated molecular signaling that were generally similar to that of CFM-4, a 10 μM dose of the compounds CFM-4.1 or -4.3 caused ~60-80% loss of viabilities of HBC and MPM cells, a moderate ~40% inhibition of NB cells, and modest to absent inhibition of NSCLC cells (Figs. 2, 3) . The compound CFM-4.2 was also active in suppressing viabilities of the HBC and NB cells but caused a moderate loss of viabilities of NSCLC and MPM cells. It is therefore conceivable that further rational medicinal chemistry modifications of these compounds could yield additional novel small molecule compounds that may have greater potency and selectivity in inhibiting TNBC, NSCLC, MPM, or NB cancers. Our current data nonetheless indicate that CFM-4 and its analog CFM-4.6 are effective inhibitors of NSCLC and TNBC cells in vitro.
Our studies presented here also show that CFM-4 and CFM-4.6 function in part by elevating CARP-1 levels, activating pro-apoptotic SAPKs p38 and JNK1/2, reducing levels of mitotic cyclin B1 and stimulating PARP cleavage. These data are consistent with our previous reports where CFMs, particularly CFM-4, -5, were found to inhibit growth of MPM and NB cells by causing G2M cell cycle arrest, loss of mitotic cyclin B1, activating SAPKs p38 and JNK, and increasing CARP-1 expression. 13, 14 Although CFM-4 and CFM-4.6 have IC50 values of 0.75 9 and 3.96 μM (Fig. 1) , respectively, it remains to be determined whether CFM-4.6 also binds with CARP-1. Interestingly, both the compounds elicit a generally similar level of inhibition of the NSCLC and TNBC cells in vitro and seem to utilize overlapping molecular mechanisms of action (Figs. 2-5) .
A novel finding of our current studies pertains to up-regulation of apoptosis transducing DEDD2 protein in TNBC and NSCLC cells following their treatments with CFM-4 or CFM-4.6 compounds. Additionally, our studies revealed for the first time that CARP-1 binds with DEDD2, RIPK1, FADD, and p43/41 fragment of cleaved caspase-8, and suggest that CARP-1 likely is a component of apoptosis-transducing intracellular sub-complexes that regulate caspase-8 activation following stimulation of TNFR/DR family of proteins. Our cDNA-based high-throughput array hybridization studies revealed a number of genes including DEDD2 that were modulated in CFM-4-treated MB 13 and HBC cells (Table III) , and thus provided a rationale for further investigating whether DEDD2 expression was increased in cells exposed to CFM-4 or CFM-4.6. Moreover, the facts that (a) DEDD2 interacts with caspases-8 and -10 via their respective DED domains, (b) DEDD2 facilitates activation of both the caspases as well as translocation and activation of caspase-6 to the nucleus, 29 (c) caspase-8 activation was necessary for apoptosis signaling by CFM-4, 9 (d) CARP-1 binds with DEDD2 (Fig. 6) , and (e) both CFM-4 and -4.6 elevate expression of CARP-1 and DEDD2 proteins suggest that CARP-1 binding with DEDD2 and its consequent co-localization in the cytosolic and nuclear compartments is a novel mechanism of apoptosis signaling by these compounds and would also be consistent with previously noted peri-nuclear presence of CARP-1 in TNBC cells. 7 Although CARP-1 expression was required for apoptotic functions of CFM-4, 9 whether and to the extent CARP-1 is also necessary for DEDD2-dependent activation of caspases-8 and -10 in the presence of CFM-4 or CFM-4.6 is a subject of our on-going studies.
It was estimated that about 40-70% of all new chemical entities entering drug development programs possess poor aqueous solubility. 35 Even CFM-4 was not an exception and has a poor aqueous solubility of less than 1 mg/mL. This poor aqueous solubility leads to poor dissolution which ultimately results in poor absorption and oral bioavailability. Hence a lipid based nano drug delivery system of CFM-4 was prepared to enhance its dissolution and oral bioavailability. 36 A nano lipid carrier of CFM-4 offered the following advantages a. reduction or elimination of positive food effect and b. improved dissolution resulting in enhanced absorption which was also evident by the improved pharmacokinetic profile when compared with the CFM-FD.
Since CFM-4 had very good lipid solubility, we prepared CFM-4 NLF to promote its absorption through the lymphatic route in association with the chylomicrons and very low density lipoproteins (VLDL) which offers the opportunity to enhance its oral bioavailability by avoiding the first pass effect. 37 The CFM-4 NLF comprise of a combination of two high melting solid lipid carriers (Compritol & Geleol) which were also responsible for its sustained release. Geleol is also a good emulsifier and was helpful in binding with compritol and other components of the formulation. Vitamin E TPGS was the co-surfactant (with Tween-80) that acted as stabilizer and permeation enhancer.
Due to the crystalline nature of matrix lipids in solid particles, it was understood that there would be limited space for the drug loading; hence the drug loading capacity of most of the lipid based formulations is generally less than 5-10%. 38 The other problem with the lipid based drug delivery systems is lipolysis due to lipid digestibility in GI tract which results in drug escape from lipid carriers followed by precipitation leading to decreased oral bioavailability. These issues were addressed by including liquid lipid "Miglyol" in the formulation. Due to the rearrangement of crystalline structure of lipid matrix in solid nano particles with miglyol, the space for drug loading increased to 10% of solid lipids used and with an entrapment efficiency of 91.01 ± 7.17%. Because both the solid lipids used in the formulation were high melting lipids (<50 °C), the scope for lipolysis was low and in an event of slight lipolysis, the escaped drug would likely be self-emulsified due to the presence of miglyol and the surfactants.
Surface modification of NLF was done using chitosan, a natural biocompatible cationic polysaccharide as surface modified positively charged nanoparticles would improve drug availability in tumor due to better permeation effect of chitosan and charge interaction of positively charged NLF with negatively charged tumor surface. Improved dissolution was also observed with CFM-4 NLF compared to CFM-4 FD. The improved dissolution in turn resulted in improved absorption which was evident by the improved Cmax and AUC values of CFM-4 NLF when compared to CFM-4 FD.
Finally, our preclinical, xenograft-based studies convincingly demonstrate that CFM-4 holds therapeutic potential. Although, intra-venous administration of CFM-4 was well tolerated and had absent toxicities to the host, and was generally in-effective in suppressing growth of xenografts derived from a variety of cancer cell lines (Table II) . However, a nano-lipid formulation of this compound not only enhanced its bioavailability and significantly improved its pharmacokinetics, oral administration of CFM-4 NLF formulation suppressed growth of xenografted TNBC and NSCLC tumors in nude mice. Further analysis revealed that oral administration of CFM-4 NLF resulted in significant and likely therapeutic, levels of CFM-4 in the xenografted tumors without eliciting toxicities to the animals. Whether the cancer cells are able to metabolize CFM-4 and to the extent any such metabolite(s) contributed to its inhibitory effects remain to be clarified. However, the fact that CFM-4 accumulated in the xenografted tumors following oral administration of the CFM-4 NLF indicate that the nano lipids likely prevent systemic metabolism of this compound by the host, and thus play a crucial role in enhancing its therapeutic effects. These findings also indicate that NLF formulation of this compound could be a suitable vehicle for development of this compound and its analogs in further exploring the therapeutic potential of this class of novel small molecules. CFM-4 NLC treatments induce CARP-1 expression and apoptosis in NSCLC and TNBC tumor xenografts. NSCLC and TNBC tumor xenografts were generated in the nude mice and the animals were treated with oral administration of CFM-4 NLC formulation as in methods and Figure 10 above. A representative tumor tissue from the placebo-treated (noted as Control) or CFM-4 NLC treated animal was fixed in formalin, paraffin embedded, processed, and subjected to immuno-staining as detailed in methods. Photomicrographs (400× magnification) are shown to indicate for apoptosis (by TUNEL assay), and levels CARP-1 protein as noted in methods. Elevated apoptosis or CARP-1 levels are indicated by dark-brown spots in TUNEL-stained, CFM NLC panels or increased brown staining in CFM NLC panels stained with anti-CARP-1 antibodies. 
